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The Catholic University of America, Washington, D. C. For most of us the words "amphibian metamorphosis" call up a mental image of the life history of some common frog like Rana pipiens; a vision of a long-tailed, round-mouthed, fat-bodied, polliwog swimming sluggishly among the vegetation of a pond and then "undergoing extensive alterations without any interruption to business" to become a tailless, pop-eyed, insect-eating participant in long-distance jumping contests. We can describe the many changes, both external and internal, that are involved in this transformation and the sequence and spacing of these alterations which make up the complex pattern of metamorphosis. And we can tell our students that the amphibians are so called because of this double life they lead, beginning as weli-adapted aquatic herbivorous animals but later changing to equally well-adapted terrestrial carnivorous forms.
Actually, however, we are aware that the striking metamorphosis which occurs in the leopard frog with its sharp contrast between tadpole and adult in body form, in habits, and in habitat are by no means characteristic of all amphibians. In fact a great many amphibians are not "amphibious" at all. Some live in the water throughout their lives and retain essentially the larval structure even as adults. Others, by way of contrast, do not even lay their eggs in water and the young hatch as completely terrestrial little animals with the usual adult body form. Between these two extremes are various intermediate types of life history involving a great diversity of metamorphic patterns.
"TYPICAL" METAMORPHOSIS
The life history of a common species of Rana is illustrated in Figure 1 . The eggs are fertilized externally as they are laid in the water. The little larva which hatches in a few days has two pairs of long, branched, external gills projecting from the dorsal ends of the third and fourth visceral arches. It is relatively inactive, clinging to vegetation most of the time by a glandular adhesive organ under the lower jaw. Once the reserve yolk has been used up, however, the larva swims about more actively and the adhesive organ disappears. The bases of the external gills are gradually covered by the growth of opercular folds and the so-called "internal gills" growing from the lower ends of the visceral arches now take over the respiratory function. Horny teeth and jaw coverings appear around the mouth and we now have a typical tadpole equipped for swimming and breathing in the water and for rasping away the surface of the vegetation on which it feeds. It may remain in this state for a long time, eating and growing but showing no basic change in structure for as much as a year or more. But ultimately-soon in some species, later in others-metamorphic changes begin to appear. The most obvious external changes, as seen in the figure, are: first, increasingly rapid growth and development of the hind-limbs which have long been present as insignificant looking little buds but now become more and more prominent; loss of the horny teeth and a change in the shape and structure of the mouth and head, including protrusion of the eyes; rather sudden appearance of the two fore-limbs from within the opercular cavity; and resorption of the entire tail. The tadpole has become a frog.
More detailed study reveals that many other changes, involving every organ system of the body, have occurred during this time. The histological structure of the skin has altered. The digestive tract has shortened. The gill clefts have closed and the gills themselves have been resorbed as the lungs came into function. Changes in the skeletal system involve not only ossification in some areas which were previously cartilaginous, but also a complete remodeling of the region of the mouth and visceral arches with the appearance of tooth-bearing jaw bones as a late metamorphic feature. In the circulatory system the aortic arch region, as would be expected, undergoes modification as do also (151) FIG. 1. Sketches to illustrate some externally visible changes that occur during the metamorphosis of Rana pipiens.
the veins of the trunk. The pronephric kidney is superseded by the mesonephros. Changes in nervous structures -include loss of the lateral line system; development of lacrimal glands and eyelids along with changes in retina, cornea, and lens; differentiation of the tympanic membrane; and the appearance of new centers in the brain.
If we turn to a similar examination of the life history of a common salamander like Ambystoma or Eurycea we see that though there are many points of difference the salamander, like the frog, undergoes a profound reorganization in its change from larva to adult. In Ambystoma (Fig. 2 ) the newhatched salamander has external gills just as the frog larva has (three pairs instead of two). There is no adhesive organ but there is something extra which the frog did not have, a pair of balancers projecting from near the angle of the mouth. These are transient structures that will disappear in just a few days. The mouth of the salamander is broad and provided with teeth, thus quite unlike the round tadpole mouth with its horny beaks. There are well-developed dorsal and ventral fins on the tail. The larva lives on animal food from the beginning and thus lacks the long herbivore type of intestine seen in the tadpole. As development proceeds the opercular folds grow from the outer edges of the hyoid arches and fuse ventrally, but they are short and do not cover the external gills which continue to grow and function throughout larval life. Moreover, in the salamander, because the fore-limbs are not within an opercular cavity they are visible externally when they first appear as tiny buds shortly before hatching. The hind limbs appear later but then grow steadily without any sudden spurt at metamorphosis. Since, also, the salamander retains the tail as an adult, it is clear that several of the most obvious external features of anuran metamorphosis will not be seen in urodeles. Rapid hind limb growth, tail regression, and radical remodeling of the head and mouth do not occur. Nevertheless the urodele does show a metamorphic pattern that includes loss of the external gills, closure of gill slits, resorption of the tail fins, formation of eyelids, and loss of Leydig cells in the skin.
PERMANENT LARVAE: NEOTENOUS URODELES
The life histories of Rana and Ambystoma just discussed serve to illustrate well-defined metamorphic patterns in anuran and caudate amphibians. We may now consider some amphibians illustrating wide divergence from these patterns. The best examples of retention of the larval body form throughout life are found among the Caudata. Some of these are portaryed in Figure 3 . Most striking are the members of the family Proteidae, the blind European cave salamander Proteus and the American mudpuppy Necturus, so familiar as an object for dissection in comparative anatomy courses. The two agree closely JF IG. 2. Sketches to illustrate externally visible changes during the metamorphosis of Ambystoma maculatum.
in retaining larval characteristics as adults with nothing that can be designated as a metamorphosis. Though simple lungs develop, the external gills remain large and functional, the eyes are lidless, the tail fins are not resorbed, the skull shows little ossification, no maxillary bones ever appear, and the visceral arches and skin are larval in character.
Other salamanders belonging to quite widely separated families of the Caudata are also essentially without metamorphosis. Members of the Sirenidae, the genera Siren and Pseudobranchus, may be considered permanent larvae with just a few adult characters. Larval gills and tail fins are retained, neither maxillary bones nor eyelids are ever formed. However the skin undergoes a typical metamorphosis to attain the usual adult type of structure.
Cryptobranchus, of still another family, begins metamorphosis by losing the gills, but the eyes are lidless and the skull and visceral skeleton are decidedly larval. Amphiuma is rather similar to Cryptobranchus in these features although the two are separately evolved. It too loses the external gills but has lidless eyes and a larval-type visceral skeleton.
Still another example is found in a member of the large family Plethodontidae. This is the blind cave salamander Typhlomolge, first found in deep wells in Texas, which similarly retains the larval habitus (Fig. 5 ).
Not only are there salamanders which characteristically retain the larval structure to a greater or lesser degree even as adults. There are, in addition, various members of the Caudata that normally undergo metamorphosis but may nevertheless have individuals or even whole populations that fail to metamorphose and yet are able to mature and reproduce. Such animals are said to be neotenous; the most familiar example is the axolotl. It was observed many years ago that specimens of Ambystoma tigrinum living in some of the high lakes of the Rocky Mountains may fail to metamorphose-generation after generation passing without the appearance of a typical adult. On the other hand members of the same species, living in other localities, exhibit normal metamorphosis. Various ideas were advanced to account for this, differences in temperature, oxygen tension, or available food supply being the most favored explanations. And it is true that certain races of the axolotl respond readily to changes in environment and do metamorphose when brought into the laboratory. Other races, however, especially those of the Mexican axolotl, do not so respond to altered conditions. Nevertheless they are entirely capable of undergoing metamorphosis, as can be shown by administering thyroid hormone. Their failure to metamorphose under normal conditions could be explained either by some deficiency in the animal's production of thyroid hormone, or by a failure of the thyroid gland to become active and release its hormone into the blood stream. Evidence seems to be increasing that the latter is the true explanation and that it results from a failure of the axolotl pituitary to produce the thyroid-activating hormone. Presumably this pituitary failure is due in some cases to environmental factors and in others to genetic factors that have become established in the race. Thus in some cases alteration of environmental conditions is sufficient to bring about release of thyrotrophic hormone and prompt metamorphosis while in those cases which are genetically based such a result is not to be expected.
The genus Ambystoma, to which the axolotl belongs, is by no means the only genus with neotenic members. A considerable number of other salamanders in genera that are not at all closely related show the same phenomenon to greater or lesser degree. Neotenous species are known in Gyrinophilus and Triton and neotenic races have been described in Eurycea, Typhlotriton, Dicamptodon, and others. In all these cases in which the experiment has been tried, thyroid treatment has proved effective in bringing about metamorphic changes.
Since the axolotl and other neotenic salamanders can be induced to metamorphose by thyroid administration, the question arises whether such forms as Proteus and Necturus, the so-called perennibranchiates discussed earlier, are also amenable to such treatment. This has been the subject of a great deal of experimentation which has had almost no positive results. Strong thyroxin solutions can cause some reduction but not complete resorption of the external gills, and changes in the histological structure of the skin may also be produced. Other larval features remain entirely unaffected and there clearly is nothing that could be considered a true metamorphosis. All these animals have thyroid glands of their own which produce the typical hormone that is capable of inducing metamorphosis in the larvae of other species. We must conclude, therefore, that the perennibranchiates retain the larval form not because of any failure in the thyroid-pituitary complex, but because the tissues which usually change at metamorphosis are extremely unresponsive to the thyroid stimulus.
TERRESTRIAL DEVELOPMENT IN URODELES
In contrast with salamanders that retain the larval form and never become terrestrial, we have others which tend to reduce the amount of time spent in the water. These may lay the eggs out of water but near the edge of a pool so that the newly hatched larva must find its way into the water to spend its larval life, or they may lay completely terrestrial eggs in which all the larval stages are passed through before hatching so that the little animal that emerges from the egg has already metamorphosed into a miniature adult.
Again this tendency is exemplified in varying degrees and in a number of separate groups of Caudata. Within the genus Desmognathus there are some species that lay typical aquatic eggs, others that lay their eggs at the water's edge, and still others that make a burrow-like excavation several feet from the water in which to deposit the eggs. Salamanders which are entirely non-aquatic are found in the genus Plethodon, all members of which lay terrestrial eggs in hollow logs, in clefts in rocky cliffs, or inside caves. The eggs are large-yolked and unpigmented; and intraoval development is prolonged, requiring one to two months. Development includes typical larval features. Figure 6 shows the embryo of Plethodon nettingi removed from the egg membranes. Except for the large yolk mass it looks much like an ordinary urodele larva. The gills are exceptionally large, presumably an adaptation for obtaining sufficient oxygen through the thickened jelly membranes which prevent the egg from drying. Some usual larval features, such as tail fins and Leydig cells, are lacking; but it is clear that there is a very definite metamorphosis which occurs near the time of hatching. Experiments have shown that gill resorption can be induced early by thyroxin administration. So far, however, attempts to ascertain whether removal of the larva's own thyroid will prevent metamorphosis have been unsuccessful because of technical difficulties (Dent, "* 1942) . A very similar terrestrial development occurs in the related genus Aneides.
OVO-VIVIPARITY IN URODELES
* Still another notable modification of the life history is found in a few urodeles which have become ovo-viviparous, retaining the eggs in the oviduct during their embryonic and early larval stages. This occurs in the common European species Salamandra atra and also in some plethodontids such as the European cave salamander Hydromantes and the genus Oedipus of tropical America. In Salamandra the larva develops extremely long gills that become closely applied to the oviducal wall, presumably providing for exchange of gases with the maternal blood stream. Nourishment of the larva seems to be supplied by the same mechanism and also by the yolk of other partially developed eggs in the oviduct. Although a number of eggs are fertilized and begin development in the oviduct, only one or two survive to birth. During development the usual larval features are present and there is, therefore, a welldefined metamorphosis. In Salamandra atra this occurs just before birth so that the newborn salamander is already completely transformed; but in S. salamandra the young are born in the larval state and metamorphose later.
PARENTAL CARE IN ANURANS
We may now give some attention to the anurans. Among frogs and toads there are no examples of true neoteny, of races or species that reproduce while still retaining the larval body form. References in the literature to neotenous populations or individuals among frogs really refer to specimens that remain in the tadpole stage for unusually long periods. Such specimens do not reproduce in this state however, and in a number of cases the condition has been definitely shown to be due to marked atrophy or even complete absence of the thyroid gland.
It is among the Anura, however, that we find the best examples of modifications of the life history tending toward elimination of the aquatic tadpole stage, the evolution of direct development in the egg with the loss of true larval characters, and the absence of any real metamorphosis. In many anurans this is also connected with methods for parental care of the eggs. A great variety of such methods, some of them most astonishing, have been developed in frogs and toads of quite widely separated families.
Some of these interesting ways in which anurans may care for the young are illustrated in Fig. 4 . In Alytes obstetricans, the well-known "mid-wife toad" of Europe, the long strings of large, yellow eggs are taken up by the male shortly after they are laid and are wound in a sort of figure-eight about his hind limbs. He then leaves the water and carries the eggs about with him for a period of three weeks or more. During this time the developing young are nourished on the large amount of yolk present. They go through typical early larval stages but by the time they are ready to hatch the external gills have been lost and the internal gills are functional. At this time the male returns to the water and the young, which are over half an inch long, hatch out as typical tadpoles whose metamorphosis will not occur until the following spring. Thus the young are protected during an unusually long period of intra-oval development, but once the tadpoles have hatched they are left to shift for themselves.
Phyllobates and Dendrobates are brachycephalid toads in which the males also take responsibility for the care of the young but concentrate on protecting the tadpoles after they are hatched rather than on guarding the developing eggs. The tadpoles cling to the back of the male, not only when he is in the water but also as he hops about on land. I have collected tadpole-carrying males of Phyllobates in Trinidad and can assure you that the young are able to cling tightly even when the parent is carried in a collecting bag with other specimens. This is babysitting in a most literal sense. Obviously in Phyllobates, as in Alytes, the care of the young is not accompanied by any marked modification of the larva itself or by essential change in the metamorphic pattern. Other methods of parental care do involve such changes.
Pipa pipa, the Surinam toad, is a curiously flattened, purely aquatic species in which the eggs are placed on the back of the female where they gradually sink into individual pits formed by the skin. The eggs are very large-yolked and the entire development occurs in these pits, the young emerging as miniature frogs. During development a fairly typical tadpole stage is gone through and there is a well-defined metamorphic pattern. Rabb and Snedigar (1960) report that the young spend a period of 77-136 days in these pits before emerging and that during the latter part of this time they can be observed to feed on small organisms. In some species of Pipa the young do not remain in the pits for such long periods and emerge as free-swimming tadpoles.
Carrying of the eggs on the back of the female occurs in quite a variety of other anurans. In Hyla goeldii, a bromeliad frog, a clump of 20 or so large-yolked eggs adheres to the back and there is a slight fold of skin on each side forming a sort of shallow basin in which the eggs lie. They are carried for two to three weeks. At this time the female enters the water and well-formed tadpoles with hind-limbs and reduced gills are hatched. Metamorphosis occurs very soon, after only 10-15 days of aquatic life (Lutz, 1948) . In Gastrotheca pygmaea, another hylid, the eggs are still larger and are more deeply sunk into a basin-like depression on the back, while in Gastrotheca marsupiata, the marsupial frog, the basin is converted into a complete sac that communicates with the outside only by a narrow opening at the back. In this case it is necessary to dissect away the dorsal wall of the sac to reveal the developing eggs within. In Gastrotheca, as in Pipa, the young of some species emerge as tadpoles while those of others undergo metamorphosis within the sac.
Another curious and entirely different device for protection of the young is found in the Andean frog Rhinoderma darwinii, which was first discovered on the voyage of the Beagle. In this species the male takes the new-laid eggs into his mouth and they are passed back into his enlarged vocal sac. A photograph of a preserved specimen in which the vocal sac has been opened to reveal the tadpoles is shown in Fig. 7 . After this photograph was taken the tadpoles were removed. It turned out that this particular rqale had five larvae in the vocal sac. There can be no doubt that this is a case in which the sudden arrival of quintuplets left the father speechless.
We may consider ovo-viviparity as still another means of parental care during development. Ovo-viviparity is rare among anurans, thus far known to occur only in the three species of a single genus of African toads, Neclophrynoides. The young are born as completely metamorphosed little toads. In Nectophrynoides tornieri development within the oviduct involves fairly typical tadpole stages which, though lacking adhesive organs and horny mouth parts, have external gills, gill slits, opercular folds, and larval mouth skeleton (Orton, 1949) . In N. occidentalis, however, development is much more direct (Angel and Lamotte, 1944: Gallien, 1960) .
VV. GARDNER LYNN DIRECT DEVELOPMENT IN ANURANS
The most striking cases of abbreviation or even complete loss of larval features are found in anurans that lay terrestrial eggs. This habit, which parallels that found in some plethodontid salamanders, is very widespread. In tropical America, in Africa, Australia, New Zealand, and in small islands of the Pacific there are many examples of frogs and toads that have independently evolved large-yolked terrestrial eggs with development characterized by varying degrees of loss of the typical larval organs and by complete loss of the aquatic tadpole stage in the life history.
The genus Eleutherodactylus, a widespread genus of bufonids with many species in South and Central America and the West Indies, exemplifies direct development perhaps better than any other. The members of this genus are mostly of small size. In the daytime they take shelter under stones or logs or in other suitable hiding places. Some species remain near streams and are active swimmers with webs on the hind feet, but most are entirely terrestrial and lack the webs. Some species make their homes in epiphytic bromeliads and a few are confined to caverns. All, however, even the waterloving forms, lay their eggs out of water. Usually the eggs are laid in a small hollowedout "nest" beneath a stone or log and the female parent stays near the nest throughout the developmental period. The bromeliad species attach the eggs to the leaves of the plant in which the parent lives but always well above the water-line.
The eggs of Eleutherodactylus are large (3.0-4.0 mm. in diameter), completely unpigmented, and covered by several dense jelly layers. In some species the outer jelly is sticky so that the eggs adhere to each other in a rounded clump. In other species this is not so and the eggs lie separately in the nest.
The embryonic development of E. nubicola of Jamaica has been studied in some detail (Lynn, 1942) . Despite the large amount of stored yolk, cleavage is holoblastic, and the neural plate is typical in appearance. However as the embryo develops it never has a tadpole-like appearance (Fig. 8) . It lies on the large yolk mass with all four limbs visible as rounded buds. There is a stubby tail with exaggeratedly enlarged dorsal and ventral fins. No external gills are present at any time and indeed neither internal gills nor open gill slits ever appear. Further development shows increase in the size of the limbs and differentiation of the brain (Fig.  9) . However there are no typical tadpole mouth-parts, and the lateral line system is lacking. As the fore and hind limbs begin to develop joints and digits, a very small fold is seen about the base of each fore-limb (Fig.  10) . These folds may represent rudimentary opercular folds but they do not develop further. By this time pigment cells are visible in the skin of the embryo on each side of the mid-line. A little later the pigmentation becomes more intense and the broad tail is seen bent to one side. As the digits develop the hind limbs become covered by the tail (Fig. 11) . The wide mouth and the protruding eyes are obvious frog-like features. A specialized structure which has appeared on the tip of the snout is the egg-tooth, a horny sharp-pointed projection which will be used in ripping the jelly coats of the egg during hatching. It may be homologous to part of the horny upper beak of a typical tadpole but if so is highly modified. The tail with its exaggeratedly developed, highly vascularized dorsal and ventral fins is essentially a thin membranous structure which, spread under the jelly coats, is presumed to act as the respiratory organ for the embryo during intra-oval development. Just before hatching, the egg-tooth, with its two sharp points, is quite prominent but the tail is by then somewhat reduced in size. About eight hours after hatching the little frog is a miniature adult some 5 mm. long (Fig. 12) . The tail has dwindled to a small unpigmentcd remnant that will soon be entirely resorbed. The eggtooth is usually retained for several days bofore it drops off. The intestine still contains some yolk material but the young frog will accept fruit flies and other small insects almost at once.
Although Eleutherodactylus represents the most striking case of direct development among anurans it is important to reiterate that the phenomenon cannot be regarded as uncommon. Orton (1950) has pointed out that, while direct development is known in only two of the nine families of salamanders, it is found in at least ten of the thirteen families of frogs and toads. For many of the recorded cases no detailed study of the development has been made, but some which show points of correspondence with Elentherodactylus are the following. Liopelma hochstetteri of New Zealand (Archey, 1922) , and the South African forms Breviceps parvus (de Villiers, 1929a) , Hemisus marmoratum (Wager, 1929) , Anhydrophryne rattrayi (Warren, 1922) , and Arthroleptella sp. (de Villiers, 1929b) .
GYMNOPHIONAN LIFE HISTORIES
For the sake of completeness some mention should be made of the third order of living amphibians, the highly specialized limbless, burrowing animals that make up the Gymnophiona or caecilians. Although these show many primitive features that indicate that their evolutionary history has been largely independent of that of salamanders and frogs, nevertheless we have within this small group (about 20 genera) examples of aquatic larvae (Ichthyophis), terrestrial development without any aquatic stage (Hypogeophis), and ovo-viviparity (Typhlonectes), with varying degrees of suppression of usual larval features.
EVOLUTION OF DIRECT DEVELOPMENT
The prevalence of terrestrial eggs and direct development in anurans prompts some consideration of the advantages which may be gained by this modification of the life history. It has obviously proved to be of adaptive value for it is found in a number of highly successful groups with wide geographic distribution. The subject has been discussed in detail by Dr. Bertha Lutz (1948) , who has had extensive experience with a great variety of Brazilian frogs that have modified life histories. She points out that the elimination of the aquatic tadpole stage may offer advantages in many ways. Competition of the tadpole with other aquatic animals and dangers from aquatic predators are avoided. The hazards resulting from the drying up of temporary pools or from the sudden flooding of mountain streams are alike eliminated. Prolonged parental care for the young up to a stage when they are fairly well able to take care of themselves is made possible. Perhaps most important of all is the fact that the need for a dual adaptation, first for life in water, later for life on land, with a critical metamorphic period in between, is done away with. The extensive remodelings of ordinary metamorphosis are thus avoided and such embryos are much like amniote embryos in recapitulating the larval stages in only a very sketchy and abbreviated fashion.
The most important morphological change involved in the evolution of direct development is the formation of large-yolked eggs. Obviously the presence of an adequate food supply in the egg is a necessary condition to permit prolongation of intra-oval life. Large-yolked eggs are laid by all of the most primitive of living amphibians, the caecilians, and in fact Noble (1931) has pointed out that large eggs were probably characteristic of the earliest ancestral types. It is clear however, that many of the present day amphibians that lay large-yolked eggs have been more immediately derived from ancestors with small eggs. Thus the development of large eggs has occurred a number of different times and in different degrees among anurans. It is, of course, always accompanied by a great reduction in the number of eggs produced but apparently the small number of young is compensated for by the greater chances of survival when development is direct.
Although the acquisition of large-yolked eggs permits prolongation of intra-oval life it is not necessarily accompanied by direct development. We have seen that some amphibians with large eggs have typical aquatic larvae and that even some of those which omit the aquatic stage have, nevertheless, fairly typical larval features during their development. It is only in Eleutherodactylus and similar types that development may be said to be direct in the same sense that the development of the reptile or the bird is direct. How may this loss of tadpole-like features be brought about?
In considering the evolution of permanent larval forms in salamanders, we found evidence that in some animals (the Mexican axolotl) this has been brought about through a modification of the endocrine complex while in others, like Necturus, the evolutionary change involves a change in sensitivity to thyroid hormone by the larval tissues. For direct development we may suppose that these same mechanisms could be operative. Abbreviation or telescoping of the larval stages during intra-oval development could be thought of as a precocious and rapid metamorphosis due to early and intense activation of the thyroid gland. On the other hand, it seems possible that the same result could be achieved by an unusually high sensitivity of the tissues such that a relatively low thyroid' activity could be sufficient to evoke early and complete metamorphosis. And there is still a third possibility that should be considered. This is the possibility that the tissues are able to attain adult differentiations without any dependence upon thyroid stimulation; that the evolution of direct development has occurred by a freeing of the tissues from the thyroid influence.
It would seem that experimental evidence on this point could be readily obtained. Thyroidectomy at early stages should show at once how far direct development can go in the absence of the thyroid. Unfortunately, the operation proves to be much more difficult in these amphibians with direct development than it is in ordinary salamanders and frogs. I have made many attempts to thyroidectomize or hypophysectomize embryos of Eleutherodactylus and have never succeeded in getting the operated animals to live more than a few days. However, there is an indirect method of approaching the problem, through the use of thyroid-inhibiting drugs. Eleutherodactylus embryos treated continuously with .01% phenylthiourea show marked enlargement of the thyroid, which may be taken as evidence of effective inhibition of thyroid hormone production (Lynn and Peadon, 1955) . Such embryos, although their developmental rate is retarded, develop normally except for three features. The tail, pronephros, and egg-tooth are all retained beyond stages when they would normally be lost. This would indicate that all progressive features that characterize direct development are independent of thyroid function and that only a few degenerative changes of late stages have any dependence on thyroid stimulus. Further experiments on this and other amphibians with direct development are much to be desired, however. One cannot be certain that thyroid-inhibiting drugs are completely effective and these conclusions must await confirmation by experiments involving complete thyroidectomy either by surgical means or by the use of radioiodine.
However this may turn out, it is clear that the student of amphibian metamorphosis may often find himself led into all sorts of unanticipated byways. Research concerning the endocrine control of metamorphosis in ordinary amphibians like Ambystoma and Rana has been actively pursued for a matter of 50 years and, as we have seen, is still advancing. But the amphibians have shown such versatility in their evolution of modified life histories that only the most general of generalizations can be applied to the group as a whole. Among the urodeles loss of the adult stage has occurred by neotenous tendencies that involve in some cases a modification of the endocrine complex, in others a change in tissue sensitivity. Among both urodeles and anurans we have examples of the evolution of large-yolked terrestrial eggs and the elimination of the aquatic stage. Obviously it is the anurans that show this trend most strikingly. There is evidence that, given increased yolk storage, more or less direct development may be achieved in some cases by precocious thyroid activity, but in others by differentiation of the tissues without dependence upon thyroid stimulus. Special problems involved in terrestrial development have been solved in various ways. Danger from excessive water loss is prevented by unusually thick and impervious jelly layers or by parental brooding habits or both. Oxygen absorption is provided for by enlarged external gills, excessive folding of the skin, or broad vascular tail-fins that spread out under the egg membranes like the allantois of an amniote embryo. Elimination of waste products during intra-oval life must also present problems that as yet have not been studied in these animals. The ovo-viviparous forms have still other features that call for investigation. In some of them, though not in all, the expanded gills or tail become closely applied to the oviducal wall and constitute a type of pseudo-placenta.
And it must be borne in mind that for most amphibians, particularly tropical forms, our knowledge of life histories is very scanty. It seems likely that with the increasing interest in the tropics and with the establishment of new laboratories there, many more unusual life histories will be recorded. More important, we may expect that more facilities for research on these animals both in their native habitats and in our own laboratories will be developed. These unusual types must not be regarded as mere curiosities or anomalies. They offer opportunities for investigation that not only relate to the subject of endocrine control of metamorphosis but also may give some insight into the evolution of amniote development. Certainly when more of these forms become readily available for study there will be no dearth of problems to be tackled.
